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$\kappa$ , $\beta$ $y=\pm h$ . $z=\pm h$
$y=-h$ $T_{h}$ , $y=+h$ $z=\pm h$
$x$ $L_{x}=4\pi h$
$u=(u, v, w)$ $p$, $T$
$\frac{\partial u}{\partial t}+(u\cdot\nabla)u$ $=$ $- \frac{1}{\rho}\nabla p+\nu\nabla^{2}u+g\beta(T-T_{0})e_{y}$ , (1)
$\nabla\cdot u$ $=$ $0$ , (2)
$\frac{\partial T}{\partial t}+(u\cdot\nabla)T$ $=$
$\kappa\nabla^{2}T$, (3)






$Re_{b}= \frac{u_{b}H}{\nu}$ , (4)
$Pr= \frac{\nu}{\kappa}$ , (5)
$Ri=( \frac{u_{g}}{u_{b}})^{2}=\frac{g\beta\Delta TH}{u_{b^{2}}}$ (6)
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3 $H=2h$ $\Delta T=Th$ $-T_{c}>0$
$u_{g}=\sqrt{g\beta\triangle TH}$ $Re_{b}=3000$ ,4400
$0\leq Ri\leq 1.03$ $Pr$ 0.7
$\Delta x^{+}<16.4,$ $\Delta y^{+},$ $\Delta z^{+}<5.4$ $\Delta t$ $\Delta t\max(|u|/\Delta x+|v|/\Delta y+$
$|w|/\Delta z)<0.3$ $(\cdot)^{+}$ $\nu$ $u_{\tau}$
(a) (b)
$Ri$ $Ri$






$()$ $()$ ’ (1), (3)
$\overline{v}\frac{\partial\overline{u}}{\partial y}+\overline{w}\frac{\partial\overline{u}}{\partial z}$ $=$ - $\frac{\partial\overline{u’v’}}{\partial y}-\frac{\partial\overline{u’w’}}{\partial z}+\nu(\frac{\partial^{2}\overline{u}}{\partial y^{2}}+\frac{\partial^{2}\overline{u}}{\partial z^{2}})$, (7)
$\overline{v}\frac{\partial\overline{v}}{\partial y}+\overline{w}\frac{\partial\overline{v}}{\partial z}$ $=$ - $\frac{\partial\overline{v^{\prime 2}}}{\partial y}-\frac{\partial\overline{v’w’}}{\partial z}+\nu(\frac{\partial^{2}\overline{v}}{\partial y^{2}}+\frac{\partial^{2}\overline{v}}{\partial z^{2}})+g\beta(\overline{T}-T_{0})$ , (8)
$\overline{v}\frac{\partial\overline{w}}{\partial y}+\overline{w}\frac{\theta\overline{w}}{\partial z}$ $=$ - $\frac{\partial\overline{v’w’}}{\partial y}-\frac{\partial\overline{w^{\prime^{2}}}}{\partial z}+\nu(\frac{\partial^{2}\overline{w}}{\partial y^{2}}+\frac{\partial^{2}\overline{w}}{\partial z^{2}})$ , (9)
$\overline{v}\frac{\partial\overline{T}}{\partial y}+\overline{w}\frac{\partial\overline{T}}{\partial z}$ $=$ $- \frac{\partial\overline{v’T’}}{\partial y}-\frac{\partial\overline{w’T’}}{\partial z}+\kappa$ $( \frac{\partial^{2}\overline{T}}{\partial y^{2}}$ $\frac{\partial^{2}\overline{T}}{\partial z^{2}})$ (10)
$Ri=O(1)$ (8)
$\ovalbox{\tt\small REJECT}\frac{\partial\overline{v}}{\partial y}\sim\overline{w}\frac{\partial\overline{v}}{\partial z}\sim g\beta(\overline{T}-T_{0})$ , (11)
$\frac{u\perp^{2}}{H}$






Figure 2: $Ri$ dependence of $u\perp$ normalized by (a) $ub$ and (b) $u_{g}$ , respectively. - $-arrow,$ $Re_{b}=3000$ ; –,
$Re_{b}=4400$ .
$\sigma$) $u\perp=\sqrt{(\overline{v}^{2}+\overline{w}^{2})}$ $\langle\cdot\rangle=$
$\int_{-h}^{+h}\int_{-h}^{+h}(\cdot)$ dyd$z/(4h^{2})$ $u_{b}$ $u_{g}$ $u\perp$ $Ri$ 2 2(a)
$u\perp$ $Ri\leq 0.025$
$Ri\approx 0.025$ $u\perp$ $Ri\geq 0.025$
$u\perp$ 2(b) $Ri>\sim 0.25$
$u\perp/u_{g}$ (13) $u\perp$ $u_{g}$
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Figure 3: $Ri$ dependence of $u_{rms\perp}$ normalized by (a) $u_{g}$ and (b) $\sqrt{u_{\nu}u_{g}}$, respectively. —, $Re_{b}=3000$ ;
–, $Re_{b}=4400$ .
. $0\leq Ri<\sim 0.025$ .
. $0.025\leq Ri\leq 0.25$ ,
. $Ri\geq 0.25$ ,
(8)
2 1
$\overline{v}\frac{\theta\overline{v}}{\partial y}\sim\overline{w}\frac{\partial\overline{v}}{\partial z}\sim\frac{\partial\overline{v^{\prime^{2}}}}{\partial y}\sim\frac{\partial\overline{v’w’}}{\partial z}$ (14)
(13)
$u_{rm8\perp}\sim u\perp\sim u_{g}\ovalbox{\tt\small REJECT}$
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$u_{rms\perp}=\sqrt{\langle\overline{v^{\prime^{2}}}\rangle}$ RMS 1




$u_{\nu}=\nu/H$ 3 $u_{g}$ $\sqrt{u_{\nu}u_{g}}$
$u_{rms\perp}$ $Ri$ 3(a) $u_{rms\perp}/u_{g}$ $Ri$




Figure 4: $Ri$ dependence of $u_{rms}$ normalized by (a) $ub\sqrt{u_{g}}/u_{\nu}$ and (b) $u_{\tau}^{2}/\sqrt{u_{\nu}u_{g}}$, respectively. $—$ )
$Reb=3000$; –, $Re_{b}=4400$ .
(7)
2 1
$0 f\frac{\partial\overline{u}}{\partial y}\sim\overline{w}\frac{\partial\overline{u}}{\partial z}\sim\frac{\partial\overline{u’v’}}{\partial y}\sim\frac{\partial\overline{u’w’}}{\partial z}$ (19)
$u\perp u_{b}\sim u_{rm8}u_{rm8\perp}$ (20)
t $u_{rms}=\sqrt{\langle\overline{u^{\prime^{2}}}\rangle}$ RMS (13), (18)
$u_{rms}\sim u_{b}\sqrt{\frac{u_{g}}{u_{\nu}}}$ (21)
1





4 $u_{rm\epsilon}$ $u_{b}\sqrt{u_{g}/u_{\nu}}$ $u_{\tau^{2}}/\sqrt{u_{\nu}u_{g}}$ $Ri$
4(a) $u_{rm\iota}/(u_{b}\sqrt{u_{9}}/u_{\nu})$ $Ri$ 4(b)
$u_{rms}/(u_{\tau}^{2}/\sqrt{u_{\nu}u_{g}})$ $Ri$ $u_{rm\epsilon}$ $u_{b}\sqrt{u_{g}/u_{\nu}}$
$u_{\tau}^{2}/\sqrt{u_{\nu}u_{g}}$
Figure 5: $Ri$ dependence of $T_{rms}$ normalized by (a) $\Delta T\sqrt{u_{g}/u_{\nu}}$ and (b) $T_{\tau}u_{\tau}/\sqrt{u_{\nu}u_{g}},$ respectively. $—$ ,
$Re_{b}=3000$ ; –, $Re_{b}=4400$ .
RMS (10) 2
1
$\overline{v}\frac{\partial\overline{T}}{\partial y}\sim\overline{w}\frac{\partial\overline{T}}{\partial z}\sim\frac{\partial\overline{v’T’}}{\partial y}\sim\frac{\partial\overline{w’T’}}{\partial z}$ (25)
$u\perp\Delta T\sim u_{rm\iota}\perp T_{rm\theta}$ (26)
(13), (18)
$T_{rm\epsilon}\sim\Delta T\sqrt{\frac{u_{g}}{u_{\nu}}}$ (27)
$T_{rms}=\sqrt{(\overline{T^{\prime 2}}\rangle}$ RMS 1
$\frac{\partial\overline{v’T’}}{\partial y}\sim\frac{\partial\overline{w’T^{J}}}{\partial z}\sim\kappa\frac{\partial^{2}\overline{T}}{\partial y^{2}}\sim\kappa\frac{\partial^{2}\overline{T}}{\partial z^{2}}$ (28)
$u_{\epsilon}\perp T_{rm\epsilon}\sim u_{\tau}T_{\tau}$ (29)
(18)
$T_{rms} \sim T_{\tau}\frac{u_{\tau}}{\sqrt{u_{\nu}u_{g}}}$ (30)
$T_{\tau}=(1/u_{\tau})\kappa\langle\partial T/\partial y\rangle_{2}$ 5 $T_{rms}$ $\Delta T\sqrt{u_{g}/u_{\nu}}$,
$T_{\tau}u_{\tau}/\sqrt{u_{\nu}u_{9}}$ $Ri$ 5(a) (b)
$Ri$ $\mathfrak{B}$ hD RMS $T_{\tau}u_{\tau}/\sqrt{u_{\nu}u_{g}}$
$Ri=O(1)$
RMS RMS RMS (18), (24), (30)
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(a) $Ri=0.00056$ (b) $Ri=0.022$
$C\grave{5}$
( $c$ ) $Ri=0.056$ ($d$ ) $Ri=1.00$
$e\grave{a}$
$z/h$ $z/h$
Figure 6: Cross-sectional distributions of mean streamwise and cross-streamwise velocities and mean
temperature at $Re_{b}=3000$ . White curves denote iso-contours ofmean streamwise velocity. Temperature
is represented in gray-scale; white is the highest, while black is the lowest. Mean cross-streamwise
velocity is shown by vectors. (a) $Gr=5.0\cross 10^{3}$ , (b) $Gr=2.0\cross 10^{5}$ , (c) $Gr=5.0\cross 10^{5}$ , (d)
$Gr=9.0\cross 10^{6}$ .
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8 $Ri\approx 0.025$ 7(b)
8 4 $Ri$ $($ $6, 7(c))$ ,
1 8
4 Ma [6]
$Ri$ $($ $6, 7(d))$ , 4
6,7
$1000u_{b}/h$





(a) $Ri=0.00026$ (b) $Ri=0.022$
$e\grave{a}$
( $c$ ) $Ri=0.052$ ( $d$ ) $Ri=1.03$
$e\grave{a}$
$z/h$ $z/h$
Figure 7: Cross-sectional distributions of mean streamwise and cross-streamwise velocities and mean
temperature at $Re_{b}=4400$ . White curves denote iso-contours ofmean streamwise velocity. Temperature
is represented in gray-scale; white is the highest, while black is the lowest. Mean cross-streamwise









9, 10 RMS $\mathscr{T}_{u’}^{2}$ RMS $\sqrt{T^{\prime^{2}}}$ 9
$Ri$
$\mathscr{T}_{u’}^{2}$
$($ $(c, d, g, h))$ .
$($ $6, 7(d))$ ,
$($ $9, 10(d, h))$ . $Ri\sim 1$
$($ $6, 7(d))$ RMS RMS




RMS ( 9, 10(d, h)).
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(a) (b)
$-1$ $0$ 1 $-1$ $0$ $t$
$z/h$ $z/h$
Figure 8: Two-dimensional steady thermal convection at $Gr=1.0\cross 10^{6}$ . (a) Distributions of velocity
and temperature represented by vectors and isotherms, respectively. (b) Streamfunction $\psi$ represented







$z/h$ $z/h$ $z/h$ $z/h$
Figure 9: Cross-sectional distributions of streamwise r.m. $s$ . velocity represented in gray-scale. White is
the highest, while black is the lowest. (a-d) $Re_{b}=3000$ , (e-h) $Re_{b}=4400$ . $Gr=(a)5.0\cross 10^{3},$ $(b)$
$2.0\cross 10^{5},$ $(c)5.0\cross 10^{5},$ $(d)9.0\cross 10^{6}(e)5.0\cross 10^{3},$ $(f)4.3\cross 10^{5},$ $(g)1.0\cross 10^{6},$ $(h)2.0\cross 10^{7}$ .
5
11 $Ri$
( ) ( )
11(a)
$($ $9, 10(a, b, e, f))$ . $Ri$
$($ $11(b))$ ,
RMS ( 9(C, g)). $Ri\sim 1$
( 11(C)),
$D$
$<0[8]$ $D=(\partial v/\partial y-\partial w/\partial z)^{2}/4+(\partial v/\partial z)(\partial w/\partial y)$
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$(a)Ri=0.00056$ $(b)Ri=0.022$ $(c)Ri=0.056$ $(d)Ri=1.00$
$(e)Ri=0.00026$ $(f)Ri=0.022$ $(g)Ri=0.052$ $(h)Ri=1.03$
$z/h$ $z/h$ $z/h$ $\approx/h$
Figure 10: Cross-sectional distributions of r.m. $s$ . temperature represented in gray-scale. White is the
highest, while black is the lowest. (a-d) $Re_{b}=3000,$ $(\epsilon-h)Re_{b}=4400$ . $Gr=(a)5.0\cross 10^{3},$ $(b)2.0\cross 10^{5}$ ,




























(a) $Ri=0.00026$ (b) $Ri=0.052$ (c) $Ri=1.03$
$z/h$ $z/h$ $z/h$
Figure 11: Visualization of instantaneous flow structures at $Re_{b}=4400$ for (a) $Gr=5.0\cross 10^{3},$ $(b)$
$Gr=1.0\cross 10^{6},$ $(c)Gr=2.0\cross 10^{7}$ . Streamwise (x-oriented) vortices are shown by iso-surfaces of
the second invariant of a velocity gradient tensor, $Q=0.03(u_{\tau}^{2}/\nu)^{2}$ . Gray objects represent clockwise
vortices of positive streamwise vorticity, and black ones represent counter-clockwise vortices of negative
streamwise vorticity. Low-velocity streaks are identified by corrugated gray meshes representing an
iso-surface of streamwise velocity $u=0.6u_{b}$ .
(a) (b) (c)
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Figure 12: P.d.f.s of the positions of vortex centers and mean streamwise vorticity at $Re=4400$ and
$Ri=0.052(Gr=1.0\cross 10^{6})$ . P.d.f. is shown in gray-scale for (a) clockwise vortices with positive
vorticity and (b) counter-clockwise vortices with negative vorticity; black is the highest, while white is
the lowest. (c) Cross-sectional distribution of mean streamwise vorticity represented by iso-contours;













Figure 13: Cross-sectional velocity vector fields of the vortex filament of strength $\gamma$ induced by its three
images expressing the two impermeable walls and by the filament of strength $\Gamma(>0)$ representing
the (clockwise) large-scale circulation and being fixed at $(y/h, z/h)=(0,0)$ . (a) The clockwise vortex
filament subjected to the weaker circulation, $\Gamma/\gamma(\sim u_{9}/u_{\tau})=3.3$ . (b) The counter-clockwise vortex
filament subjected to the weaker circulation, $\Gamma/\gamma(\sim u_{g}/u_{\tau})=-3.3$ . $(c)$ The counter-clockwise vortex
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